A comparative study of the changes in the chemical structure and properties of hydrogen silsesquioxane ͑HSQ͒ resists induced by thermal curing and electron-beam exposure has been conducted. Studies using Fourier transform infrared ͑FTIR͒ spectroscopy suggested similar behavior in the redistribution of bonds for both processes. Quantitative analysis of both spectra revealed the existence of a critical temperature and electron dose for the achievement of development for pattern generation. As a complementary technique, x-ray reflectivity measurements were performed to monitor changes in the film density. Notwithstanding the similar changes in bond redistribution observed from the FTIR spectra for both thermal curing and electron-beam exposure, the film densification processes seem to occur in quite distinctive fashions. This was confirmed through dry etching experiments; the results of which were consistent for both Freon and Cl 2 / Ar reactive ion etching. While effective film densification occurred only at curing temperatures above 400°C, insignificant changes in density and etch durability were observed for electron-beam-exposed HSQ resists at electron doses commonly used for pattern generation. Wet etching characteristics engendered by hydrofluoric acid showed that both chemical bond redistribution and densification lead to decreases in etch rates.
I. INTRODUCTION
Due to its excellent planarization and gap-filling capabilities, hydrogen silsesquioxane ͑HSQ͒ has been widely used as a spin-on-dielectric layer with a low dielectric constant in the integrated circuit industry. 1, 2 Most studies have focused on its dielectric properties and thermal stability for interlayer dielectric applications. [2] [3] [4] Thermal treatment has been the most widely used method to obtain densified HSQ films, and a few investigations on the changes in the chemical structure and properties of HSQ films induced by thermal curing have been reported. 1, 5, 6 An electron-beam curing method has also been proposed to achieve a low thermal budget process. 7 Over the past decade, HSQ has emerged as a negative-tone resist for high resolution electron-beam lithography. 8 Recent research activities have been directed at improving its resolution and contrast by optimizing prebake and development conditions. 9, 10 With its excellent etch durability, HSQ has also been found to be very useful as a hard mask for the fabrication of novel structures such as photonic crystals with more simplified processes. 11, 12 In order to further optimize HSQ layers for these applications, the structure and properties of HSQ resists after the electron-beam lithography process need to be investigated.
Thermal curing and electron-beam exposure steps are involved in most of the fabrication processes using electronbeam resists. Since HSQ experiences significant changes in its structure and properties during both steps, it is essential to investigate the effects of thermal curing and electron-beam exposure for the postlithography process. HSQ has a mixture of cagelike and network structures based on H-Si-O units. It has been shown that Si-H bond scission and cage-to-network transformation in Si-O bonds could occur due to thermal curing or electron-beam irradiation. 5, 8 These structural changes provide the basis for the wet development characteristics and the enhanced etch durability of HSQ resists.
In this article, we present a comparative study of thermally cured and electron-beam-exposed HSQ resists using infrared spectroscopy and x-ray reflectivity ͑XRR͒. Both techniques are applied to monitor and analyze the changes in HSQ structure and properties. We report the development characteristics of HSQ as a negative electron-beam resist and changes in its density induced by thermal curing and electron-beam exposure processes. The characteristics of HSQ resists for both dry and wet etching processes will be discussed. An important outcome that is addressed in this work concerns possible changes in the chemical structure and properties of HSQ resists which should be considered for postlithography processes.
II. EXPERIMENT
HSQ solution ͑Fox 14 from Dow Corning͒ diluted with methyl isobutyl ketone was spun on silicon substrates to a thickness of 100 nm. For Fourier transform infrared ͑FTIR͒ experiments, undoped double-sided-polished silicon wafers were used to prevent the scattering of light from the back side of the samples. All HSQ films in this work were prebaked at 150°C for 2 min, followed by a second bake at 200°C for 2 min to completely eliminate the solvent. For thermally cured samples, heat treatment was performed in a quartz tube annealing furnace with flowing nitrogen gas for a͒ Electronic mail: iadesida@uiuc.edu 1 h. Electron-beam-exposed samples were prepared using a Leica/Cambridge EBMF 10.5 electron-beam lithography system at 40 kV with areal doses ranging from 150 to 1200 C / cm 2 . Square patterns with areas of 5 ϫ 5 mm 2 and 15ϫ 15 mm 2 were written for FTIR and XRR experiments, respectively. FTIR measurements were performed using a Thermo Nicolet 670 FTIR research spectrometer with a KBr detector. Absorption data were collected over the range of 800-3000 cm −1 . Subpeaks in the absorption spectra were fitted using Pearson distribution ͑type VII͒ for peak area calculations. For contrast curves, the remaining thicknesses of both thermally cured and electron-beamexposed films after developing with a 0.54N tetramethylammonium hydroxide ͑TMAH͒ aqueous solution ͑MF 312 from Shipley͒ for 60 s at 20°C were measured using a Rudolph FE-III focus ellipsometer. XRR measurements were conducted in a Philips XPert x-ray diffractometer using Cu K␣ radiation with a wavelength of 1.54 Å. The scanned angle ͑2͒ range was from 0.15°to 2.0°with a step width of 0.003°. The positions of critical angles were determined from the reflectivity versus incidence angle plots extrapolated in the X'PERT REFLECTIVITY software. A similar thickness of plasma-enhanced chemical-vapor-deposited ͑PECVD͒ silicon dioxide film was examined for comparison with the thermally cured and electron-beam-exposed samples. The average electron density was calculated from the reflectivity data. To confirm the film densification process, refractive index values were also obtained from ellipsometry at a wavelength of 632 nm.
Dry etching experiments were conducted in a PlasmaLab conventional reactive ion etching ͑CRIE͒ system using Freon-23 ͑CHF 3 ͒ gas and also using the inductively coupledplasma-reactive ion etching ͑ICP-RIE͒ technique in a Unaxis SLR 770 system with a Cl 2 / Ar gas mixture. For wet etching experiments, highly diluted hydrofluoric ͑HF͒ acid solution ͑1 : 200= 49% HF:de-ionized water͒ was utilized.
III. RESULTS AND DISCUSSION
Figures 1͑a͒ and 1͑b͒ show the FTIR absorption spectra for thermally cured and electron-beam-exposed HSQ films, respectively. Si-H stretching peaks appear near 2250 cm −1 and the two double peaks at lower wave numbers are caused by Si-O bonds which exist in higher quantities than Si-H bonds in HSQ films. The Si-O peaks include the Si-O stretching cagelike peak near 1125 cm −1 , the Si-O stretching network peak near 1070 cm −1 , the Si-O bending cagelike peak near 860 cm −1 , and the Si-O bending network peak near 830 cm −1 , respectively. [2] [3] [4] It is observed that in these annealing temperature and electron dose ranges, the HSQ films experienced similar changes in their chemical structures. The decrease in Si-H peak intensities is caused by thermal dissociation of Si-H bonds during thermal curing or electron-beam exposure. 1, 4, 5 It has been shown that Si-H bonds do completely dissociate at temperatures higher than 650°C, resulting in HSQ which is similar to SiO 2 . 6 From the changes in Si-O peaks, it is also evident that cage-tonetwork transformation proceeds as curing temperature or electron dose increases. While the Si-H / Si-O bond ratio decreases constantly, each peak shift occurs to much lesser extent. As described above, HSQ films were furnace annealed for 1 h prior to FTIR measurements. It was found that the FTIR spectra did not change significantly for longer annealing durations beyond 1 h ͑even up to 3.5 h͒. This suggests that Si-H and Si-O bond redistributions during thermal curing were saturated after ϳ1 h. For both thermally cured and electron-beam-exposed samples, the cage-to-network transformation can be observed from the Si-O stretching peaks more clearly, where the spectra evolved in similar fashions. In addition, the Si-H bond dissociation and Si-O bond transformation continued to occur even at higher curing temperatures and electron doses. As noted above, this transformation is expected to continue at temperatures equal to 650°C and above. 6 In order to quantify the cagelike ͑near 1125 cm −1 ͒ and network ͑near 1070 cm −1 ͒ bonds in Si-O stretching vibra-FIG. 1. ͑a͒ FTIR absorption spectra for thermally cured HSQ films. ͑b͒ FTIR absorption spectra for electron-beam-exposed HSQ films.
tion, the ratios of the peak areas were calculated and the results are shown in Fig. 2 . Normalized resist thickness after development was also plotted to find the critical points at which abrupt changes occurred during thermal curing and electron-beam exposure. It is observed from the figures that as the curing temperature ͓Fig. 2͑a͔͒ or electron dose increases ͓Fig. 2͑b͔͒, Si-O cage-to-network ratios decreased with corresponding decreases in the dissolution rate of HSQ resists in a TMAH developer. At the cage-to-network ratio of ϳ2.25, which corresponds to a temperature of ϳ370°C for the thermally cured film in Fig. 2͑a͒ , the dissolution rate suddenly decreased with the normalized thickness approaching unity. At this point and beyond, a stable threedimensional network in the resist was achieved by cross-linking. 8 We believe that at this temperature, the redistribution of Si-H and Si-O bonds was accelerated and the HSQ film experienced an abrupt change in its ionic properties, which markedly decreased the dissolution rate of HSQ in the developer solution. It has also been shown through dielectric analysis that HSQ solution demonstrated a sudden increase in ionic conductivity at 372°C, which is caused by the change of ion concentration and mobility. 1 We can regard the bond ratio of ϳ2.25 as a critical point in the development characteristics of HSQ. This critical bond ratio corresponds to a dose of 300 C / cm 2 for the electron-beam-exposed HSQ film in Fig. 2͑b͒ . This dose can be regarded as the sensitivity of the HSQ film since it also corresponds to where 90% of film remained after development. It should be noted that this sensitivity value is valid for the HSQ process conditions ͑resist thickness, prebake temperature, etc.͒ used. For the thermally cured resist, the critical temperature in our work is between 350 and 400°C and is less sensitive to HSQ conditions.
We have also performed XRR measurements to monitor the changes incurred in HSQ density due to thermal curing or electron-beam exposure processes. The experimental data in this article were obtained using the specular x-ray reflectivity technique in which the grazing incidence and detection angles were kept identical. Total reflection occurred for grazing incident angles, , smaller than the critical angle, c . This critical angle, c , is directly correlated to electron density, which is the number of electrons per unit volume in the films represented by the equation of c = ͑ e r e / ͒ 0.5
, where is the x-ray wavelength ͑Cu K␣ = 1.54 Å͒, e is the average electron density, and r e is the classical electron radius, 2.818 fm. 13, 14 Given the film composition, the electron density can be converted to mass density. 13 The XRR data for thermally cured and electron-beam-exposed films are shown in Figs. 3͑a͒ and 3͑b͒ , respectively. To compare the electron density in each film, we obtained the critical angles ͑ c ͒ from the XRR data and then normalized the average electron density values ͑ e ͒ with the ones for uncured or unexposed HSQ films ͑for both cases, denoted as 0 ͒, as shown in Figs. 4͑a͒ and 4͑b͒. The measured refractive index values were also plotted with the normalized electron densities to confirm the density changes during both processes. For comparison, the data for 100-nm-thick PECVD oxide films are also shown in the figures. In Figs. 3͑a͒ and 3͑b͒ , the dotted vertical lines represent the position of the critical angles for uncured and unexposed films. The angle deviations to the right from these lines imply that the films have become denser and vice versa. The angle shifts ͓Fig. 3͑a͔͒ at temperatures up to 400°C for thermally cured films were very small; these shifts can be seen more clearly in the normalized density plot shown in Fig. 4͑a͒ . To confirm the density changes obtained from the small angle shifts, the refractive indices were also measured using ellipsometry. Up to 400°C, the density and refractive index values decreased due to the transformation from cagelike to network structures that have more open framework. The density reached a minimum at 400°C, with the film density increasing at higher curing temperatures. In fact, we observed that the film thickness increased ͑film expansion͒ as temperature increased up to 400°C and decreased ͑film contraction͒ at higher temperatures. This observation is in good agreement with a previous report by Siew et al. 1 Both Siew et al. 1 and Yang et al. 5 further observed that at ϳ435°C, the porous network structures of HSQ began to FIG. 2 . ͑a͒ Peak area ratio of cage-to-network Si-O bonds and normalized remaining thickness after development for thermally cured HSQ films. ͑b͒ Peak area ratio of cage-to-network Si-O bonds and normalized remaining thickness after development for electron-beam-exposed HSQ film. The dotted vertical lines represent the cage-to-network ratio of 2.25 for both plots.
collapse, leading to denser films. As observed in Fig. 4 , HSQ film became densified upon electron-beam exposure. Both the density and refractive index increased monotonically with electron dose, but the increase was not dramatic. At the highest electron exposure dose ͑1200 C / cm 2 ͒, the refractive index value is similar to that obtained for the 500°C thermally cured sample. However, the electron density increased by less than 10%. We have conducted our experiments within the dose range required for electron-beam lithography. Within this dose range, the density and refractive index did not increase significantly. However, it has been shown that highly densified HSQ film can be obtained along with higher refractive index than that of thermal SiO 2 if electron-beam exposures are increased to doses higher than ϳ5000 C / cm 2 through the formation of Si-rich films. 7 Two types of dry etching processes were utilized in this work. The first was conducted using the CRIE method in a PlasmaLab 80 system with Freon-23 ͑CHF 3 ͒ etching gas. The etching conditions were 30 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒ gas flow rate, 35 mTorr chamber pressure, and −350 V plasma self-bias voltage. The second process was conducted in a Unaxis SLR 770 ICP-RIE system with a Cl 2 / Ar plasma. The etching conditions were 8 / 2 SCCM of Cl 2 / Ar gas mixture flow rates with 100 W inductive power, chamber pressure of 1.5 mTorr, and −110 V dc bias at the substrate. We should note that fluorine-based Freon gas plasma etching is usually used to remove oxides or nitrides while chlorine-based dry etching provides good etching durability and selectivity for oxides/ nitrides over the silicon substrate. 15 Figures 5͑a͒ and 5͑b͒ show the dry etching characteristics of thermally cured and electron-beam-exposed HSQ films in the CRIE and ICP-RIE conditions described above, respectively. In both figures, it is seen that etch rates for the electron-beam-exposed samples did not change significantly. This is due to the fact that within the range of doses utilized, the film density did not change significantly. For the thermally cured samples, increase in etch resistance was obtained for samples cured at 450°C and above. This can also be attributed to the increase in film density observed at those higher temperatures, as shown in Fig. 4͑a͒ . While dry etching characteristics can be inferred from the density changes, wet etching results cannot be explained only by the film densification process. Figure 6 shows the etch rates of thermally cured and electron-beamexposed HSQ films in a diluted HF solution. The etch rate changes in wet etching rather follow the development characteristics previously shown in Fig. 2 since both wet etching and development processes involve the dissociation of chemical bonds followed by dissolution in aqueous solutions. With increasing curing temperature or electron doses, etch rate continues to slow down in both cases. Especially, the etch rate of thermally cured films monotonically decreased, which cannot be simply explained by density changes. We believe that in the lower temperature range, up to 400°C, the slow but continuous increase in Si-O bonds at the expense of Si-H bonds would affect the wet etching process more dominantly. The significant decrease in etch rates between 400 and 450°C can be attributed to the film densification induced by the sudden collapse of the HSQ network structures as noted by Siew et al. 1 and Yang et al. 5 For electron-beam-exposed films, the etch rate changes most noticeably around the critical dose but varies insignificantly at higher electron doses. It indicates that both chemical bond and film density vary to a lesser extent at higher electron doses, as noted in Figs. 2͑b͒ and 4͑b͒.
IV. CONCLUSION
We have examined the distinctive behaviors of HSQ films upon being thermally cured and electron-beam exposed; these are the routine processes encountered during and after electron-beam lithography. Both FTIR and XRR measurements were performed to investigate the changes in chemical structure and density. FTIR spectra have revealed that similar Si-H and Si-O bond redistributions occur during both processes. More importantly, critical temperature and electron dose during development can be determined by a quantitative analysis of Si-O stretching bonds. XRR experiments were conducted to monitor the density changes, which correlated very well with dry etching characteristics. Wet etching behavior could be explained by both chemical bond redistribution and film densification. In summary, both thermal curing and electron-beam exposure alter the chemical structure and properties of HSQ resists and these must be taken into account in order to achieve optimum results with HSQ in practical processing applications.
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